Mechanisms underlying prostate cancer (CaP) initiation and progression are poorly understood. A chromosomal instability mechanism leading to the generation of numerical and structural chromosomal changes has been implicated in the preneoplastic and neoplastic stages of CaP. Telomere dysfunction is one potential mechanism associated with the onset of such instability. To determine whether there was alteration in telomere length and chromosome number, 15 paraffin-embedded prostatectomy specimens were investigated using quantitative peptide nucleic acid (PNA) FISH analysis of representative foci of carcinoma, putative precancerous lesions (high-grade prostatic intraepithelial neoplasia, HPIN) and nondysplastic prostate epithelium. A significant decrease in telomere length was shown in both HPIN and CaP in comparison with normal epithelium. In addition, elevated rates of aneusomy suggested that increased levels of chromosomal aberrations were associated with decreased telomere length. Moreover, multiple foci of HPIN were shown to have a heterogeneous overall reduction of telomere length. This reduction was more evident in the histologic regions of the prostate containing CaP. Such observations lend support to the hypothesis that telomere erosion may be a consistent feature of CaP oncogenesis and may also be associated with the generation of chromosomal instability that characterizes this malignancy.
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Introduction
Prostate cancer (CaP) is the most frequently diagnosed form of cancer in men in North America although the etiology of CaP remains largely unknown (Haas and Sakr, 1997) . Multistep accumulation of genetic aberrations ultimately leading to a malignant phenotype is thought to underlie disease progression (Isaacs et al., 1994; Dong et al., 1997) . High-grade prostatic intraepithelial neoplasia (PIN) (HPIN) has been extensively studied and is currently considered the most likely precursor to invasive prostatic adenocarcinoma (McNeal and Bostwick, 1986; Graham et al., 1992; van der Kwast et al., 1999) . It is characterized by a proliferation of secretory prostatic epithelial cells that have malignant morphology, with a discontinuous basal cell layer and absence of demonstrable invasion. HPIN and CaP frequently coexist and tend to be multifocal (Sakr et al., 1993 (Sakr et al., , 1996 Bastacky et al., 1995; EmmertBuck et al., 1995; Bostwick et al., 1998; Sakr and Grignon, 1998) . The incidence of HPIN increases with age and is more frequently observed in men at higher risk for developing CaP such as African-Americans (Muir et al., 1991; Sakr et al., 1995 Sakr et al., , 1996 .
In support of the idea that the HPIN is a precursor lesion to CaP, both the chromosomal and genetic changes observed in HPIN are similar to those seen in primary and metastatic CaP (Qian et al., 1999) . Fluorescence in situ hybridization (FISH) and comparative genomic hybridization (CGH) studies have shown increase in DNA ploidy in HPIN and prostate cancer. Loss of 8p and gain of 8q were the most frequent changes followed by gain of chromosomes 7, 10q, 16q and 18q (Macoska et al., 1994; Qian et al., 1995; Erbersdobler et al., 1996; Takahashi et al., 1996; Sakr and Partin, 2001) . There is increasing evidence that acquisition of numerical and structural chromosomal alterations observed in CaP and HPIN could be a consequence of an underlying process of chromosomal segregation errors, and a more general underlying process of genomic instability (Al-Maghrabi et al., 2001; Beheshti et al., 2001) .
Telomeres are specialized structures that cap the ends of linear chromosomes and are essential for maintaining chromosomal stability. Natural shortening of telomeres with each cell division has been postulated to serve as a mitotic clock (Olovnikov, 1973; Harley, 1991; Counter, 1996) , limiting the replicative potential of the cell. This shortening has been hypothesized as a protective mechanism against indefinite proliferation of preneoplastic cells (Counter, 1996; Goyns and Lavery, 2000) .
Excessive telomere shortening leads to telomere dysfunction, end-to-end chromosome fusion, rearrangements and ultimately cell death (Muller, 1938; McClintock, 1941; Ducray et al., 1999; Hande et al., 1999; Artandi and DePinho, 2000) . For continuing proliferation, the cell must reactivate telomerase or stabilize telomeres by some alternative pathway (Wen et al., 1998; Grobelny et al., 2001) . High levels of telomerase activity (80-90%) were reported in CaP and were found to vary in HPIN (15-85%) (Kallakury et al., 1997; Lin et al., 1997; Scates et al., 1997; Takahashi et al., 1997; Koeneman et al., 1998; Zhang et al., 1998; Wullich et al., 1999) . Although stabilization of telomeres may prevent further chromosomal fusions, the telomeres remain short in majority of cancers including CaP.
In this study, an established quantitative fluorescence in situ hybridization (Q-FISH) method (Poon et al., 1999) , previously applied using formalin-fixed paraffinembedded histologic sections (Meeker et al., 2002) , was employed to assess changes in telomere length, chromosomal aneusomy and proliferative activity in HPIN and CaP in comparison with nondysplastic prostatic epithelium. In addition, aneusomy levels and p53 status were correlated in a subset of samples to determine whether there was concordance between parameters of genomic instability and telomere erosion.
Results

Analysis of telomere length
To measure the relative changes in telomere length in prostate epithelium, the established technique of Q-FISH with telomere-specific PNA probes was utilized (Poon et al., 1999) . The relative amount of PNA probe hybridizing to the telomeric end has been shown to be directly proportional to the length of the telomeric DNA tract. The brightest signals were visualized, while smaller telomeric signals fell below background levels of fluorescence, thus limiting the analysis to comparison of relative changes in telomere fluorescence between areas of interest rather than absolute length measurements. Using this approach, cell-to-cell topographical variation of telomere and centromere signal intensities in distinct epithelial histologies of the diseased tissue was analysed free of undesirable contaminants from surrounding stroma or basal epithelial cell layer.
The characteristics of the study group are listed in Table 1 . For each patient, representative areas of carcinoma, HPIN and benign tissue were analysed. The analysis focused on the secretory epithelial layer (Figure 1a, b) , since this layer is thought to give rise to majority of prostate adenocarcinomas. A marked reduction in telomeric signal number and intensity in HPIN and CaP cells compared to benign epithelium was observed (Figure 1c,d ). Quantitative analysis of averaged telomere fluorescence intensities from 15 specimens resulted in the intensity profiles in Figure 2a . On average, an 85% reduction in total signal intensity was observed in CaP relative to the nondysplastic prostate epithelium. Telomere signals in HPIN were found to vary considerably in individual foci, and to differ with respect to their proximity to carcinoma. HPIN lesions that were situated immediately adjacent to CaP (less than 2 mm distance) or intermingled with CaP (Figure 3 ), on average, displayed a mean reduction in total telomere signal intensity of 68% in comparison with normal epithelium. In contrast, HPIN foci situated away from CaP exhibited a more closely matched telomere signal intensity to benign epithelium, with a mean of 32% reduction in total signal intensity (Table 1) . 
Statistical analysis of telomere length
Analysis of variance (ANOVA) was performed followed by a Student-Newman-Keuls (SNK) test to ascertain whether the reduction in telomeric signals was statistically significant. The reduction of telomere signal in CaP foci compared to normal epithelium was found to be significant in all the 15 patients (Po0.05). Variance in telomere intensities was found to be higher on an intrapatient than interpatient basis. Consequently, ANOVA analysis was also performed on a per patient basis to confirm that differences in averaged intensities were significant on a single patient level. In 12 out of 15 patients, HPIN situated near CaP demonstrated significant signal reduction (Po0.05). This trend was less apparent in HPIN situated away from CaP with only seven out of 15 patient samples exhibiting significant signal reduction relative to benign epithelium.
Analysis of aneusomy, p53 levels and Ki-67
In parallel, total centromere intensities were analysed on a per cell basis resulting in the profile shown in Figure 2b . Centromere intensities averaged over 15 specimens demonstrated a 75% increase in total centromere intensity in both CaP and HPIN compared to benign tissue. No significant change in centromere intensities was found between carcinoma and different HPIN foci. As described above, ANOVA and an SNK test were used to confirm this trend in all tissue samples in the study group. Eight out of 15 samples analysed showed significantly different ploidy changes from . Although higher percentage of tetraploid cells is expected in populations with increased proliferative activity, this alone cannot account for the increase in total centromere intensity seen in these eight patients. Numerical chromosomal changes for chromosomes 7, 8 and Y were analysed using interphase FISH in a subset of eight samples. Numeric chromosomal aberrations including gain or loss of one or more chromosomes were found in 38% of CaP foci (three out of eight) and 25% of HPIN foci (two out of eight) situated near CaP (Table 2 ). In contrast, no numerical changes were observed in benign tissue and HPIN foci situated away from CaP. Gain of chromosome 8 was the most frequent change in both HPIN and CaP, followed by gain of chromosome 7.
Although the comparison of telomeric values in the subset of eight samples follows the same trends of telomere reduction in foci of HPIN and CaP averaged over 15 samples, the comparison of telomere lengths between different foci of CaP in samples showing numerical chromosomal abnormalities versus those that do not, does not reach statistical significance. This is to be expected in the light of the small sample size used in comparison (n ¼ 3 aneuploid versus n ¼ 5 diploid CaP foci by interphase FISH).
Immunohistochemical analysis of p53 levels was also performed, and the results are summarized in Table 2 . High levels of p53 (consistent with p53 mutation (Baas et al., 1994) ) were observed in CaP and HPIN situated adjacent to CaP in two out of eight patients. The same foci also showed evidence of aneusomy by interphase Analysis of proliferative rates of individual foci was performed by immunohistochemistry with the established proliferative marker Ki-67. An increased number of proliferating cells was observed in HPIN and CaP in comparison with normal prostatic epithelium and reached significant levels at Po0.05 in carcinoma and HPIN situated near CaP ( Figure 5 ). There was no significant correlation of patient age, pathological staging parameters or Gleason score (Table 1) to the above findings including telomeric and centromeric intensities, proliferative activity or p53 status. Telomere erosion in preneoplasia and prostate cancer B Vukovic et al
Discussion
CaP typically affects older men. Therefore, it is of great interest that a cellular process considered to be a determinant of age-dependent senescence is implicated in CaP oncogenesis. Based on the findings of this study, we propose that telomere erosion may be an important cellular risk factor for older men exhibiting HPIN. Loss of telomeric ends has previously been shown in CaP cell lines and has been studied in a limited number of reports using patient tissue samples (Koeneman et al., 1998; Zhang et al., 1998) . Little is currently known about the distribution of telomere lengths in different grades and stages of CaP progression mainly because of difficulties in obtaining sufficient histologically pure tissue that is representative of benign, preneoplastic (HPIN) or CaP. Furthermore, owing to the multifocal nature and intermingling histology of both HPIN and CaP , genotypic differences between different foci are often lost during the bulk extraction procedures required to obtain sufficient tissue for both telomere and telomerase analyses. Q-FISH analysis allows for cell-to-cell analysis and quantification of intracellular variation of different lesions within the same tissue section. In addition, areas of interest can be directly compared to the most appropriate internal control, concurrent benign tissue. Another advantage is that parallel tissue sections of an area of interest can usually be studied to provide more integrative analyses. In an example of such sequential analyses, it was recently found that telomere signal intensities in cells from tissue sections correlated with telomere length as assessed by telomere restriction fragment (TRF) analysis (Meeker et al., 2002). Telomere erosion in preneoplasia and prostate cancer B Vukovic et al
In this study, we applied the above method to compare the relative changes in telomere size in representative areas of benign, HPIN and CaP histology. The distribution of telomere signals in all the 15 patients indicated that there was a significant reduction in telomere signal intensity in areas of CaP and HPIN with respect to concurrent benign tissue. Furthermore, a detailed analysis of telomere length distribution within HPIN foci suggested that there was a topographical relation between these lesions such that HPIN situated immediately adjacent to CaP had telomere intensity values reflecting a length that was closer to that of carcinoma than was the case for HPIN found away (>3 mm) from foci of CaP. Interestingly, a more detailed Q-FISH analysis of four different HPIN foci on a subset of CaP patients (not shown) displayed a high degree of variability in centromere and telomere intensities between individual foci. This observation is also in keeping with the multifocal model of CaP oncogenesis (Bostwick et al., 1998; Foster et al., 2000; Harding and Theodorescu, 2000) .
In keeping with the end replication problem, telomere loss is likely to be concomitant with increased proliferative activity (Figure 4) . Cell kinetic studies (Bonkhoff et al., 1994) have indicated abnormal differentiation and gain of proliferative capacity in CaP and in the secretory epithelial layer of HPIN. To determine whether there was correlation between regional telomere loss and proliferation, parallel sections were examined using antibody against Ki-67 nuclear antigen. An increase in the percentage of cycling cells was observed in CaP and HPIN in comparison with benign epithelium and reached significance in CaP and HPIN situated near CaP, within this study group.
Telomere loss is associated with end-to-end fusion and more generalized chromosomal instability (Muller, 1938; McClintock, 1941; Ducray et al., 1999; Hande et al., 1999; Artandi and DePinho, 2000) . To examine changes in the overall chromosomal content, the total centromeric intensities per cell were analysed. Centromere intensities were found to increase by an average of 40% in HPIN and CaP in comparison with benign tissue. This provides additional support so that the two lesions could be related in origins and give rise to these aberrant ratios, perhaps through tetraploidization and subsequent selective loss of chromosomes (Giaretti and Santi, 1990; Shackney et al., 1995; Rasnick and Duesberg, 1999) . The distribution of centromeric values in CaP and HPIN in this study indicates the presence of a tetraploid population in at least a portion of HPIN and CaP foci (Figure 4) , lending support to the argument that tetraploidy might be an important step in the development of aneuploidy in CaP.
Chromosomal instability and numerical aberrations have been previously observed in CaP cell lines (Beheshti et al., 2001) and in patient samples (Cunningham et al., 1996; Erbersdobler et al., 1999; Al-Maghrabi et al., 2001 . Little is known about mechanisms driving the generation of excess aberrations during CaP development and progression. Telomere dysfunction, although likely, is not the only mechanism that can explain increase in aneusomy levels observed in HPIN and CaP. Alternate mechanisms could include defects in DNA repair (reviewed in Coleman and Tsongalis (1995), Morgan et al. (1998) , Hixon and Gualberto (2000)) as well as errors in the mitotic segregation machinery (Elledge, 1996 #149) and oxidative stress (Bohr et al., 1998) . In a subset of tissues studied, foci of CaP and HPIN situated adjacent to CaP not only developed numerical chromosomal aberrations, but also expressed high levels of p53 detected with an antibody previously (Baas et al., 1994) , but not exclusively (Campbell et al., 1993) associated with p53 mutation. These data suggested that CaP may be associated with progression of certain HPIN foci harboring p53 mutation and/or numerical chromosomal aberrations. Thus, a circumstantial relation between p53 mutation, telomere length erosion and generation of chromosomal instability seems probable. Further studies on a larger patient cohort will be required to determine the precise role and prognostic value of telomere erosion in histologic tissue sections of men with persistent HPIN.
Materials and methods
Tissue accrual
Patient samples used in this study were obtained from radical prostatectomies performed at The University Health Network (UHN), Toronto, over the period of 1995-1997. Study was approved by the institutional ethical review board. Tissue samples were excised from the prostate, formalin fixed and paraffin embedded. The cohort consisted of 15 cases selected on the basis of presence of CaP and multiple foci of HPIN situated at varying distances from areas of CaP. For each specimen, adjacent blocks of tissue flanking the block under study were examined to ensure that no CaP was present adjacent to areas of HPIN defined as being distant from CaP. Serial sections, 5 mm in thickness, were obtained from the blocks. Hematoxylin and eosin (H&E) staining was used to identify the regions of interest including: (1) nondysplastic, hereafter referred to as 'normal' benign epithelial tissue, foci of (2) HPIN and (3) CaP (Figure 1a) . Regions of HPIN were further subdivided into (a) foci immediately adjacent to (r2 mm from CaP, 0.570.6 mm average distance) or intermingled with CaP foci and (b) foci situated away from CaP (including foci furthest away from CaP in a section, 6.872.1 mm on average) (Figure 3) . These regions were examined for telomeric and centromeric DNA content using Q-FISH. In parallel, proliferative activity was assessed using immunohistochemistry for Ki-67 antigen. Eight of the 15 specimen tissue sections were previously analysed for the presence of numerical chromosomal changes of chromosomes 7, 8 and Y, and expression of mutant p53 (AlMaghrabi et al., 2001) .
Q-FISH
Q-FISH was performed using pan-telomeric and pan-centromeric PNA probes on unstained, 5 mm sections. Telomere (C 3 TA 2 ) 3 -and centromere (16-mer a repeat DNA)-specific probes directly labeled with a Cy3 and FITC fluorescent dyes, respectively, were obtained from Boston Probes Inc. The standard technique for PNA FISH (Poon et al., 1999) has been applied with some modifications. Briefly, sections were deparaffinized in xylene (3 Â 8 min) and dehydrated with 100% EtOH (3 Â 8 min). Slides were incubated with 100 mg/ml RNase in 2 Â SSC at 371C for 60 min, washed with 2 Â SSC for 2 min and treated with 1 M NaSCN for 8 min at 801C. After washing with deionized H 2 O, the sections were digested in 5 mg/ml pepsin solution in 0.6% NaCl (pH 1.5) for 8 min at 451C and rinsed in 2 Â SSC at room temperature for 5 min. Slides were further treated with 0.1 m triethanolamine, rinsed with 1 Â PBS and 2 Â SSC for 10 min, dehydrated through ethanol series (70, 90 and 100%) and air-dried.
A mixture of 20 ml of the telomeric and centromeric probes was applied to the sections to give a final probe concentration of 0.5 mg/ml in each case. Coverslips were placed on areas of interest and sealed with rubber cement. Slides were denatured on a preheated block set at 801C for 3 min, transferred to a humidified chamber and hybridized in the dark for an hour at 251C. Coverslips were removed and the slides were washed twice in formamide solution for 15 min (70% formamide, 10 mm Tris, 0.1% BSA, pH ¼ 7.0-7.5) followed by three washes in Tween solution (1 m Tris, 0.15 m NaCl, 0.08% Tween, pH ¼ 7.0-7.5), 5 min each. Slides were counterstained with DAPI/antifade mixture (Vectashield Burlingame, CA, USA) and analysed. Only tissue sections with a hybridization efficiency of >95% were included in the study.
Image capturing
Regions of interest were determined on the parallel H&E sections and identified on the FISH slides using DAPI channel to minimize exposure in Cy3 and FITC channels. Slides were then analysed with a Zeiss Axiophot II epifluorescence microscope equipped with a mercury lamp and a Â 100/1.4 N.A. oil immersion lens. Images were captured using a CCD camera and Isis FISH imaging software (Metasystems, GmbH, Germany). In order to compensate for the cell thickness, three consecutive images at different focal depths (average of 1 mm (micron) separation) were stacked into a composite image used for quantitation. Bleaching effects because of repeated exposure of a selected area during image capture were assessed and intensity loss of B1% was found between exposures. Exposure times were optimized with respect to the intensities of the telomere and centromere signals to prevent the overexposure/saturation of the signals in the original and stacked images. Once determined, they were kept constant for all slides to ensure consistency in intensity measurements. For each slide batch, a control prostate tissue section was processed without the inclusion of PNA probes to ensure that there was no variation in fluorescence due to the pretreatment protocol. An average of 20 cells were examined on adjacent sections to quantify the telomeric and centromeric signals using Q-FISH on each of the 15 specimens.
Image analysis
Quantitative analysis of the telomere/centromere signal intensities was performed on the captured images and used to determine relative changes in telomere length and DNA ploidy. Original 8-bit images of each channel were exported from Metasystems into Adobe Photoshop where cell border were defined based on the DAPI nuclear outline. Images of individual nuclei were then exported and analysed quantitatively using ImageJ software. Quantitative analysis was performed on a per nucleus basis, on Cy3 and FITC images using simple thresholding function to outline the signals. The intensities of all pixels outlined by the threshold were summed up on a per cells basis and tabulated. Since ploidy changes are commonly observed in both CaP and HPIN, all telomere intensities were expressed as a ratio of telomeric-to-centromeric signals for each nucleus. Centromeric intensities were used as a measure of gross ploidy changes. Telomeric ratios and centromeric intensities were then averaged between cells of each region of interest and regions compared using ANOVA in Excel followed by SNK test.
Immunohistochemical analysis of Ki-67
Serial sections parallel to those used for telomere/centromere FISH analyses were used. Proliferative activity of the cells was assessed using monoclonal MIB1 antibody (Coulter-Immunotech) to determine the percentage of cells positive for Ki-67 nuclear antigen. Briefly, slides were dewaxed in xylene for 15 min and hydrated in ethanol series (100, 90 and 70%) followed by the 3% hydrogen peroxide treatment for 15 min to quench endogenous peroxidases. Sections were placed in 10 mm citrate buffer (pH 6.0) in a pressure cooker for 5 min after reaching pressure. Slides were blocked with 5% normal goat serum for 10 min and incubated with the primary antibody at 1 : 200 dilution in antibody dilution buffer (Dako Diagnostics, Canada) for 60 min at 251C. After rinsing in PBS, slides were incubated with biotinylated secondary antibody (Signet multi-link, Signet Laboratories Inc., MA, USA) for 20 min at 251C. Detection of the bound antibody was carried out using streptavidin/HRP conjugate for 20 min. NovaRed (Vector Labs, CA, USA) was used as a chromogen followed by the counterstain in Mayer's hematoxylin and mounting with permount.
Paraffin sections of actively proliferating tonsil tissue served as a positive control. Prostate sections processed without secondary antibody and brain tissue were used as negative controls. Areas with highest percentage of positive cells were captured under a bright field microscope and the cells counted. A total of B1200 cells/slide or 300 cells per focus for each patient was examined and proliferative activity presented as a percentage of MIB-1 positive cells. Nuclear staining, regardless of the intensity was counted as positive for the presence of Ki-67 antigen and proliferative activity.
Interphase FISH analysis of numerical chromosomal changes
Interphase FISH analysis on centromeres of chromosomes 7, 8 and Y was previously performed (published in Al-Maghrabi et al., 2001) on eight out of 15 specimens. Slide pretreatment and FISH were done as per the manufacturer's instructions (Vysis Inc., II, USA). Directly labeled centromere enumeration probes for chromosomes 7, 8 and Y were used. Analysis was performed on 5 mm tissue sections from the same tissue block as used for telomere/centromere quantitation and analysis of proliferative activity. A total of 100 nuclei per focus of interest were counted for each probe, up to 400 nuclei per patient. Scoring criteria have been described in detail in Al-Maghrabi et al. (2001) .
Immunohistochemical analysis of p53
Immunohistochemistry was performed on serial sections from the same paraffin blocks used above. Well-established monoclonal antibody to p53 (DO7 clone; Novocastra Laboratories Ltd, Newcastle, England) (Bonsing et al., 1997) was applied and detected using avidin-biotin peroxidase complex (Elite kit; Vector Laboratories, Burligame, CA, USA). The positive controls for p53 immunoreactivity were formalin-fixed sections from an adenocarcinoma of breast and bladder transitional cell carcinoma. Stromal cells were used as negative internal controls.
